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INTRODUCTION

Table 1: Comparison of exhaust velocity, mass ratio, thrust, and thrus-to-weight ratio between
chemical, ion, and DFD propulsions.

The RMF creates a rotating “donut” of current which in
turn induces a closed toroidal magnetic field, effectively
keeping all fusing plasma in a small closed central region
which is about 25 cm in radius.
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We first gathered data for the nuclear cross sections σ of
both deuterium-helium-3 and proton-boron-11 and plotted
them for comparison (Figure 3). Using the cross section,
we can find the overall reaction rate <σv> where v is the
Maxwellian thermal velocity of the ions. Figure 4 shows
the reaction rate per unit volume, obtained by multiplying
the initial reaction rate by the number densities of the ions
(protons and boron-11) in the plasma, a task which we did
after this stage.

We have nominally verified important operating
parameters for a direct fusion drive rocket with D-He3,
and have also examined those same parameters for p-B11.
By comparing the two, we can rule out a p-B11-based
operation largely due to the very small confinement time,
presenting a challenge to getting a reasonable fusion rate
and calling into question the sustainability of the reaction.
Additionally, the optimal proton number density we found
is much higher than typical ion densities in a fusing
plasma. Thus, we can conclude that despite the lower
neutron flux and better fuel availability, a p-B11 reaction
possesses too many crucial drawbacks in this
configuration and is not as desirable a fusion process as
D-He3.

Cross-sections of p-B11 compared with D-He3
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Figure 1: Illustration of the rotating magnetic field confining a plasma
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The scrape-off layer (SOL) is a secondary outside plasma
which does not fuse but is responsible for heating the
deuterium fuel gas (rocket fuel as distinguished from
fusion fuel) and other charged products which can then be
thrust-augmented through a magnetic nozzle and ejected
into space (Figure 2). The SOL also prevents tritium from
reacting with extra deuterium in various side reactions,
causing it to lose energy before it can fuse with deuterium
and create high-energy irradiating neutrons. Overall, the
FRC will theoretically generate higher plasma pressure
and hence higher fusion power density for a given
magnetic field strength than other magnetic-confinement
plasma devices. Additionally, waste heat generated from
the plasma’s Bremsstrahlung and synchrotron radiation
will be recycled to maintain the fusion temperature and/or
electrical systems.

Figure 2: Overall configuration for DFD, showing the central fusing plasma, the SOL, the
deuterium gas for fuel, and magnetic nozzle for thrust augmentation.

Figure 3: Cross sections for p-B11 and D-He3

Reaction rates of p-B-11(cm^-3*s^-1)
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BACKGROUND
As proposed by PSS, DFD uses a deuterium–helium-3
reaction to produce fusion energy enabled by a fieldreversed configuration (FRC) for magnetic confinement
induced by a rotating magnetic field (RMF) in turn
produced by a pair of figure-eight antennas (Figure 1).

CONCLUSIONS

Cross section (barns)

Direct Fusion Drive (DFD) is a theoretical configuration
that uses a magnetically confined fusing plasma to provide
thrust for a rocket. In the words of the original authors,
Princeton Satellite Systems (PSS) and Razin et al., it is
“…a compact, anuetronic fusion engine [which] will
enable more challenging exploration missions in the solar
system.” DFD is proposed as a theoretical alternative to
chemical and ion propulsion rockets – as seen in Table 1,
it has clear advantages over both in exhaust velocity
(specific impulse) and mass ratio, and a large advantage
over ion propulsion in thrust and thrust-to-weight ratio.
Despite being far below chemical thrust, it also is designed
to operate for the entirety of the journey thus allowing
faster travel times to far bodies in the solar system—PSS
claims that it would be able to travel to Jupiter in a year
and Pluto in 4-5 years. PSS primarily considers a
deuterium-helium-3 fusion reaction to power the plasma,
however we aim to verify their operational parameters
with that reaction as well as compare operational
parameters for a proton-boron-11 fusion reaction.
Motivation for this analysis is based on the scarcity of
helium-3 compared to boron-11 as well as the lower
percentage of output energy exiting in the form of
neutrons in the proton-boron-11 reaction compared to
deuterium-helium-3 (<0.1% vs 0.7%). Challenges of using
p-B11 include higher heating requirements (up to 10 times
more) and lower output energy per fusion reaction.

METHODS AND RESULTS
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Figure 4: Reaction rate per unit volume of p-B11

Using the thermal velocity found for calculate the reaction
rate, we then found the confinement time for p-B11
τ=3.38E-06 s by dividing the size of the plasma by the
thermal velocity. Finally, to find the plasma ion densities,
we used the relation
σ𝑣𝑣𝑛𝑛𝐵𝐵 𝑛𝑛𝑝𝑝 Δ𝐸𝐸𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 2 MW
to work out 𝑛𝑛𝐵𝐵 = 8.84E+13 cm-3 and 𝑛𝑛𝑝𝑝 = 2.83E+15 cm-3.

